Abstract-Bearingless permanent magnet synchronous motors (BPMSMs) have been received more and more attention during the past few decades. To realize the high-performance control for rotation and levitation, we will first need to obtain the accurate suspension force model of a BPMSM. In this work, different from conventional suspension force models, a modeling scheme for the suspension force of a BPMSM is presented by taking into account rotor eccentricity with the Maxwell stress tensor modeling scheme. The theoretical value of a suspension force model is compared by the two-dimensional finite element (FE) analysis, and calculation results reveal that the theoretical value closely agree with the FE computed one. Furthermore, the digital control system is devised by taking advantage of TMS320F2812, and a test platform for experiments is then set up. In accordance with the corresponding findings of the experiments, the rotor stabilization with magnetic levitation can be achieved. The results lay a theoretical and experimental foundation for further study of the BPMSM.
Fig. 1. Meaning of term bearingless motors.
used in the last decade. An alternative solution is to combine the bearingless machine technology with the PM motors to provide both functions: torque and levitation force, in the same machine [8] - [11] . Fig. 1 illustrates the term meaning bearingless: the electromagnetic torque and suspension forces can be produced in a single device, which significantly reduces the axial space. Among various kinds of bearingless PM motors, the bearingless PM synchronous motors (BPMSMs) are arousing more and more interest in recent years since they have outstanding merits including simple structure, high operation reliability, as well as mature classical control technologies [12] - [15] .
To obtain the satisfactory control performances of suspension and rotation of BPMSMs, it is especially significant to set up an accurate suspension force model of a BPMSM [16] , [17] . Usually, the suspension force model of the BPMSM is acquired on condition that the rotor is not eccentric. But actually, the rotor eccentricity is inevitable since there are measurement errors during the machine installation, as well as the load disturbances in rotation and levitation [18] . The aim of this work is to present a modeling scheme for suspension force of a BPMSM using Maxwell tensor approach on condition that the rotor is eccentric. In Section II, the suspension force model will be deduced using Maxwell tensor method. In Section III, the simulation study about comparison of finite element (FE) computed value and the theoretical value will be analyzed. In Section IV, the experimental study will be carried out. Finally, conclusion will be drawn in Section V.
II. MATHEMATICAL MODEL OF THE SUSPENSION FORCE
The Maxwell force components F n and F t of the BPMSM can be given as: where b n (θ,t) is the normal component of airgap flux density, b t (θ,t) is the tangential component, μ 0 is the vacuum magnetic permeability, dS is unit area, θ is the mechanical angle, r and l are respectively the outer radius and equivalent length of the rotor. Then, we can get the suspension force expression:
lr cos θ dθ (2) where F α and F β are horizontal and vertical components in α-and β-directions. Fig. 2 shows the diagram of rotor eccentricity, where O(0, 0) and O'(α, β) are the coordinate of the axle centre without rotor eccentricity and coordinate of the axle centre when the rotor is eccentric, respectively. The eccentric angle θ can be expressed as:
where α and β are radial displacements of the rotor in α-axis and β-axis. The airgap length g(θ) can be given as:
where g 0 is the uniform airgap length without rotor eccentricity. Then, we can obtain the distribution function of the airgap permeance per unit area, and its expression can be given as
where Λ(θ) is the airgap permeance. If the higher harmonic components are neglected, we can obtain the fundamental components of magnetomotive force in the airgap:
where f M (θ,t) and f B (θ,t) are the fundamental component of torque and suspension windings magnetomotive force in the airgap, respectively. F M and F B are the amplitudes of f M (θ,t) and f B (θ,t), respectively. γ M and γ B are the phase angles of airgap magnetomotive force in the two sets winding, respectively. ω is the electrical angle velocity of currents. When the rotor is eccentric, the torque and suspension windings magnetic flux density b M (θ,t) and b B (θ,t), as well as the amplitudes of magnetic flux density B M and B B , can be given as:
where N M and N B are respectively the single-phase effective turns of the torque winding and suspension winding; I M and I B are respectively the amplitudes of the torque winding current and suspension winding current. Thus, we can get the normal component of the synthetic gasgap flux density b n (θ,t)
By computing the integral of (2), we can obtain F α and F β :
(10) Moreover, the single-phase airgap flux linkage ψ M of the torque winding are:
where φ M is the single-phase magnetic flux of torque winding. In addition, ψ M can also be written as product of the mutual inductance L M and current amplitude I M of the torque winding.
Thus, we can rewrite (10) as: (13) where
, and
. According to (13) , it is obvious that the suspension force consists of three parts: 1) As for the first part suspension force, it is the controllable suspension force acquired on condition that the rotor is not eccentric. By regulating the current of the suspension winding, we can change the magnetic field distribution in the airgap to control the controllable suspension force. 2) With regard to the second part suspension force, it is the unilateral magnetic force which will be produced when the rotor is eccentric. 3) Regarding the third part suspension force, it will be generated when the uneven distribution of the airgap flux density along the airgap circle in the rotor tangential surface is occurred.
III. SIMULATION STUDY
In this section, in accordance with the deduced suspension force model, the suspension force of the BPMSM is computed by the means of the finite element (FE) approach. Fig. 3 compares the FE computed value and the theoretical value of relationship between suspension force and the suspension winding current. In Fig. 3 , the current of the torque winding is 1 A, and there is no rotor eccentricity. According to Fig. 3 , it can be seen that the FE computed and theoretical values of suspension force is proportional to the suspension winding current. In addition, when the current of the suspension winding is approximately less than 2 A (i.e., the magnetic circuit is not saturated), the theoretical value of the suspension force is close to the FE computed value. Nevertheless, when the current of the suspension winding is approximately bigger than 2 A (i.e., the magnetic circuit is saturated), the FE computed value of the suspension force is a little bit small than the theoretical value. Fig. 4 compares the FE computed value and the theoretical value of relationship between suspension force components and rotor eccentric displacement in α-axis. In Fig. 4 , the current of the torque winding is 1 A, and the current of the suspension winding increases from 0.3 A to 0.5 A. As shown in Fig. 4 , when the current of the suspension winding is also fixed, the FE computed and theoretical values of suspension force components F α and F β are proportional to the rotor eccentricity. Furthermore, when the change of the rotor eccentricity is the same, the bigger the current of the suspension winding, the bigger the suspension force components F α and F β . Moreover, when the values of the current of the suspension winding and rotor eccentricity are small (i.e., the magnetic circuit is not saturated), the theoretical value of the suspension force components F α and F β closely agree with the FE computed value. Nevertheless, the values of the current of the suspension winding and rotor eccentricity are bigger (i.e., the magnetic circuit is saturated), the FE computed value of the suspension force has a little deviation with the theoretical value. In addition, compared with Fig. 4(a) and (b) , it is obvious that the influence of the rotor eccentricity in α-axis on suspension force component F α is bigger than that on suspension force component F β . In the same way, we can draw a conclusion that the varation of the rotor eccentricity in β-axis may primarily affect the suspension force component F β . 
IV. EXPERIMENT STUDY
The experimental studies are also implemented to further validate the effectiveness of the presented modeling scheme. The physical pictures of the BPMSM, including end view, wiring diagram, and interior view, are shown in Fig. 5 . In the experimental studies, the digital control is carried on the Texas Instruments Incorporated digital signal processor (DSP) chip TMS320F2812. The DSP chip uses float-point arithmetic and its instruction execution speed is 150 MIPS. The sampling frequency is 6.67 kHz and the pulse width modulation (PWM) control cycle is clocked with 20 kHz. The analog low-pass filters are used firstly to filter all the measured signals including the torque and suspension winding currents, rotor angle and position, and radial displacements, and then analog-to-digital converters (ADCs) of DSP are utilized to digitalize all these measured signals. With regard to current measurements of the two sets of windings, the Hall sensors are used to sample the current signals. As for the measurements of the rotor angle and position, an incremental photoelectric coded disk is chosen and employed. Regarding the measurements of the radial displacements, four eddy current displacement sensors are employed for two channels in α-and β-directions. Thus, two eddy current displacement sensors used in a channel are differential inputs to radial displacement interface circuits. Finally, after DSP completing the proposed control algorithm, the output signals of the DSP chip TMS320F2812 are PWM signals for a three-phase inverter board.
Figs. 6 and 7 show comparison results of experimental studies (with speed 3000 r/min) when considering rotor eccentricity and without considering rotor eccentricity, respectively. Figs. 6(a) and 7(a) are the displacement waveforms both in α-and β-directions, and Figs. 6(b) and 7(b) are the trajectory of center of mass, respectively. According to Fig. 6 , it is obvious that when considering the rotor eccentricity, the rotor vibration amplitude in the in α-or β-direction is ± 40 μm, as well as the peak-peak value of the rotor vibration amplitude is 80 μm. On the other hand, from Fig. 7 , we can see that without considering rotor eccentricity, the rotor vibration amplitude in the in α-or β-direction and the peak-peak amplitude value of the rotor vibration are ± 50 μm and 100 μm, respectively. Therefore, according to Figs. 6 and 7, we can draw a conclusion that, when considering the rotor eccentricity, the control precision of radial displacement for the BPMSM can be increased by 20%.
V. CONCLUSION
In this paper, by taking into account the rotor eccentricity, a modeling scheme for the suspension force of a surface mounted BPMSM is presented using the Maxwell stress tensor method. Based on the FE method, a series of comparisons between the FE computed and theoretical values are conducted, and the results indicate that the theoretical value closely agrees with FE computed one. Additionally, the digital control system is designed based on TMS320F2812 chip, and corresponding experimental studies are carried out. On the basis of the findings of the experiments, the BPMSM can be levitated steadily with high control precision by the proposed modeling method.
